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Abstract 
Mechanical interlocking concept is a crucial criteria for osseointegration which is based on micro-porous surface structures. 
Several surface treatment methods have been used to modify the surface morphology of titanium implants in order to increase the 
effective interfacial area. The aim of the present preliminary study is two folds: to develop 3D finite element models for micro-pits 
on implant surfaces as bone stabilizers in order to evaluate the mechanical response of interfacial area and compare the estimated 
interfacial shear strength and the maximum effective shear strain with other biomechanical theories. Second is to produce novel 
regular micro-pit patterns using a 20 Watt ytterbium fiber laser and characterize these novel micro-stabilizers.   
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1. Mechanical Interlocking Phenomenon from the Viewpoint of a Splendid Light   
Lasers are now increasingly used in the boutique production of micro-medical implants and devices; meeting the 
most important requirements such as contamination-free, more isotropic, distinct and regular surface structures and 
texture preperations that customers desire. The unique characteristic of lasers, is their ability to be used for a variety 
of medical implants and provide the precise control of complex features such as, non-contact, clean and fast pyrolitic 
or photolitic process.[1] Commercially pure titanium (c.p.Ti) and its alloys are currently the most commonly used 
dental and orthopaedic implant materials. Titanium is the metal of choice due to its bioinert characteristics such as 
tissue compatibility and osseointegration. [2] Branemark et al. previously reported that bone healing takes place with 
a direct contact on metallic implants. The phenomenon "osseointegration" was defined as "a direct structural and 
functional connection beetween ordered, living bone and the surface of a load carrying implant". [3,4] So titanium can 
bind to living tissue and bone. Biomechanical and biochemical anchorage are two important mechanisms of 
osseointegration. While biochemical binding depends on calcium surface chemistry of implants, biomechanical 
binding concept is related to surface configuration which determine load-transfer at the bone-implant interface. [5]     
  
“Micromechanical interlocking concept” was derived from the idea of “anchorage between implant and bone”. 
This phenomenon is based on micro-porous surface structures and it is a crucial criteria for osseointegration.  
However, there are unknown factors influencing the designing of new surfaces. First, one should decide on the ideal 
surface topography that will lead to shorter healing times, thus improve patients’ psychology; macro, micro or ultra-
structures. [6] Second the theory or theories that can give us the right approach in designing implant surfaces should 
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be chosen; Wolff’s law [7], Frost’s homogenization theory [8,9], Hansson and Northon’s biomechanical theory 
[10,11], contact osteogenesis concept or surface signalling hypothesis. Every theory has a different determinative 
factor. According to Wolff’s law, sufficient stress has been suggested to promote healty bone. Otherwise bone loses 
its stiffness by resorption. [7] According to Frost’s homogenization theory, if the local bone element is subjected to a 
maximum shear strain greater than a given threshold value (MES), it will maintain the original properties. It is 
called “resorption-formation” equilibrium. If it is subjected to a maximum shear strain lower than a given threshold 
value, it is resorbed and replaced with soft tissue that leads to stiffness loss. Therefore, MES value is the most 
important criteria for long-term stability after implantation for this theory. [8,9] To improve implant stability, the 
pattern of ingrowing bone close to the implant surface is very important and influences the interfacial 
biomechanical conditons according to Hansson-Northon theory. [10, 11] Therefore, microstructuring has an important 
role in order to increase bone retention to implant surface. Several surface treatment methods have been used to 
modify the surface morphology of titanium implants in order to increase the effective interfacial area of bone-implant 
contact for micromechanical interlocking. [12] 
 
There are some studies related the effects of  laser-material interaction. [13,14] Recent studies shows us that the 
degree of mechanical interlocking increases with the roughness of the implant. [12,15,16,17,18,19] However, it has 
been reported by Wennerberg et al. [12] that a high surface roughness value is not the only criterion but also the 
pattern of the roughness, the size and the distribution of regular patterns have also crucial effects on micromechanical 
interlocking of the bone-implant interface.  
 
Oshida [2] has emphasized that there are three compabilities for the appropriate bio functionality, first biological 
compability, second morphological compability and third biomechanical compability. Biological compability is 
always the most important issue which determine tissue response to implant at the first stage of healing.  
Morphological and mechanical compability are related each other very close. Morphological compability adjusts the 
surface wettability and promotes bony cell growth. Unless the sufficient morphological adaptation is established 
between bone and implant surface, mechanical compability could not achive. And also the percentage of direct bone-
implant contact is variable according to this situation. And also an efficient mechanical compability is required to 
smooth transfer the stress between the implant and bone. Load transfer at the bone-implant interface depends on some 
factors. They can be classified three main groups: 1) Bone-dependent factors, 2) Implant-dependent factors, 3) 
Interface-dependent factors. The first group has include; the bone factors such as quality, quantity and the architecture 
of surrounding bone which has dominant role on biological compability. The second group has subgroups. They are 
the number and placement of implants, the material-based factors such as the mechanical and thermal material 
properties of components, the size and geometry-dependent factors such as implant shape, length and diameter, the 
surface-dependent factors  such as chemical composition and morphological condition (topography, roughness and 
energy) of the surface. This group determines morphological compability. The third group has included; the load-
dependent factors such as the type (static, dynamic) and orientation of loading and also interfacial micro motion 
which influence on both bone and implant. The last group has an impressive effect on biomechanical compability. 
Also the mismatch of Young’s modulus between the implant material and bone is the major problem which 
deteriorates stress dissipation and causes disuse atrophy or hypertrophy. Both of the two situation leads bone 
desorption.  Periodic porous architecture of implant surface can reduce this stiffness mismatch and set the mechanical 
adaptation which avoiding stress shielding effects.  There is, of course, a natural temptation to conclude that pores are 
necessary for proliferation of cells as it was emphasized in the review of Mour et. al. [20]  But this was not the case. 
In fact a regular porous architecture improves mechanical interlocking between the bone and implant and also 
enhances better mechanical stability at the interface. Indeed it has even been suggested that minimum pore size 
should be about 50 Pm for successful bone ingrowth. [20] So the surface topography of titanium implants should be 
formed with respect to cellular size. 
     
The surface characteristics such as morphology and chemical composition of titanium modified by laser irradiation 
at different wavelengths in nitrogen atmosphere was investigated by Ohtsu et al. [21]  They have showed that the size 
and depth of the craters increased gradually with the laser power. They have suggested that the further investigations 
are needed to find optimal structure on Ti implants. Tritica et al [22] have investigated that the direct writing of a 
titanium alloy with an Nd:YAG laser which was operating at different wavelengths of 1064 nm and 532 nm 
respectively. Also they have reported the damage characteristics. It has been shown that the craters are much deeper 
at 1064 nm wavelength than 532 nm at the same laser fluence. And they have suggested these surface structures 
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improve biocompability. Milanovic et.al. [23]  have investigated laser surface structuring of titanium alloy with an 
Nd:YAG laser at different wavelengths, too. They have estimated that the damage threshold is 0.12 J/cm2 of this 
titanium alloy.  They have showed that the laser intensity at the range of 0.29-0.96 J/cm2 can modify the titanium 
implant surface. Also they have found that the plasma formation threshold is about 0.96 J/cm2. Barada and Grupta  
[24] have investigated laser surface structuring with Ti-sapphire laser system on different metal surfaces including 
pure titanium. They have recently reported that the generation of micro and nano structures with the adjusting to laser 
pulses were occurred. And also they have found that surface reflection can be changed with the adjusting the 
wavelength in range of 500 to 1000nm. 
 
Marticorena et.al. [25] have investigated that the osseointegration between a Nd:YAG laser treated pure titanium 
implant and bone. The more bone formation was found  that the laser treated implants compared to control implants 
in their study. Thus the laser irradiation created a tendency to bone formation. Branemark et.al. [26] have investigated 
the effects of different surface modifications on bone formation and biomechanical situation of bone-implant 
interface. They have pointed out that the Q-switched Nd:YAG laser-treated implants had the removal torque values 
about % 250 than control implants. Also they have found that the removal torque value was increased for the laser 
modified implants compared with the machined implants. And also they have showed that the laser-modified implant 
promotes higher biomechanical capacity. Schlie et.al. [27] have investigated that the effect of laser-induced surface 
structures on cellular response.  They have found that the laser surface structuring caused positive changes in material 
wettability due to a reduced contact area. And also they have contended that laser surface structuring increase 
material osteoblast proliferation.  
 
Another important feature in bone microstructure is the size and distribution of lacunae, which may influence 
stiffness and other mechanical properties. Several factors effect the healing process and the biomechanical stability of 
implants such as mineralization and bone remodeling. Bone remodeling process is a process that occurs on bone 
surface where the secondary osteons are formed in order to be replaced by new bone. Their dimensions change in the 
range of 100 to 300 Pm in diameter and Haversian canals cover them. Osteoclasts trigger the resorption process and 
cavities are created immediately. Osteoblasts are anchored to these cavities in order to form new bone. [19]. 
Therefore, it is important to design lacune-like surface structures on implant surfaces in order to improve the wound 
healing phenomenon. These surface structures will behave and pretend as artificial lacunes, then ideally osteoblasts 
will refill these cavities leading to rapid osseointegration.  
 
However, there is a lack of knowledge for comparing the corelation between the size of surface structures and 
interfacial shear strength and maximum effective strain by finite element analysis. Therefore, it would seem 
reasonable to state that further studies are needed to construct a 3D finite element model to evaluate interfacial shear 
strength of bone and structured implant surfaces in order to compare Hansson-Norton’s numerical and Frost’s 
homogenization theories. In this paper we report our preliminary comparative study form the viewpoint of these 
theories, while introducing the characeristics of the novel regular micro-pit patterns prepared by us using a ytterbium 
fiber laser. 
2. From the Numerical Calculations to the Laser-Induced Air Jets  
We have performed a series of three-dimensional FEM models in order to calculate interfacial tissue stress and 
maximum effective strains, to evaluate the retention degrees of the designed micro-pits. (Figure 1) The aim of the 
present analysis was to evaluate the mechanical response of the interfacial area that is surrounded with micro-
stabilizers. In order to achieve micro-mechanical interlocking, it is assumed that the pits are filled with bone to 
establish interfacial stability. Size and density of every individual stabilizer, have crucial importance on interfacial 
shear strength. Semi-sphere shaped micro-pits were designed and their diameters ranged from 41 to 101 Pm in order 
to increase the effective surface area for bone-implant contact. An anisotropic elastic model is adopted for the cortical 
bone. These data referred to experimental investigations using ultrasonic wave measurements that are reported by 
Dechow et al. [28] Mechanical properties of materials used in this study are shown in Table 1. 
 
 
 
 
 
248  Serap ÇELEN et al. / Physics Procedia 12 (2011) 245–251
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Schematic representation of  designed  3D models of micro-pits for bone-implant interface as retentive elements  
Table 1. Mechanical properties of materials used in FEM analysis 
 
  
 
 
 
 
 
 
 
 
 
 
We assume a state of optimal osseointegration, therefore in order to set the actual simulation, physical interactions 
at the implant-bone interface during loading are taken into account through bonded surface-to-surface contact features 
of ANSYS.  The applied load to the interfacial area is carefully adjusted to the stress levels that bone can 
withstand.[2] The mesh number has been densed at the bone-implant interface as for the necessity of the precision 
outcomes. The obtained results were illustrated by the following chart. (Figure 2, left) The estimated shear strength 
value for the micro-pit pattern in Figure 2a was 11.196 MPa, and maximum effective shear strain value was 
0.00074161 H (741.61 PH). And the estimated shear strength value for the micro-pit pattern  was 8.7385 MPa, and 
MES value was 0.00021638 H (216.38 PH) (Figure 2b). It was bigger than MES threshold value. Also for the pattern 
in Figure 2c the estimated shear strength was 6.4819 MPa and MES was 0.0001605 PH (160.5 PH). This value lowers 
the 200 PH threshold, so the bone was supposed to resorb for disuse atrophy. 
 
Hansson and Northon’s theories need to be qualified and updated in several respects. The most important change is 
that the misinterpreted fpd effect. According to the results of our FEM and corrected Hansson-Norton numerical 
analysis, we produced novel micro-pits with a diameter ranging from 65 to 75 Pm on 2 mm thick 10*10 mm2 square 
shaped ASTM B265 grade 2 commercial pure titanium specimen surfaces. Alpha alloys, especially CP titanium, are 
used for a variety of biomedical applications where corrosion resistance is important. All specimens were moulded in 
acrylic resin. Grinding was carried out under water irrigation using 320, 600, 1200 grit waterproof silicon carbide 
abrasive papers followed by polishing using 6 Pm and 1 Pm diamond paste on a medium nap rayon cloth. The 
specimens were mounted tightly and controlled in order to prevent misplacement. The irradiations in the range of 
200-250 nanoseconds pulse durations were performed in air atmosphere with a 20 Watt Telesis Zenith (Ohio, USA) 
ytterbium fiber laser (O=1060 nm) with Q-switched mode. In this systems, the laser is steered by mirrors which each 
mirror move along on an axis mounted onto galvo motors to produce these novel structures. These galvos move 
rapidly and therefore can form every complex structure at high speeds. Also in working at rastering mode, one 
advantage is that the entire power of the laser beam is used for direct writing. Thus the laser beam was directed 
normal to the titanium target surface and focused by F-theta f=160 mm lens.  
Material Bone Titanium 
Young Modulus 
(GPa) 
Exy 11.3 105 
 Exz 13.8 - 
 Eyz 19.4 - 
Poisson’s Ratio Qxy 0.237 0.30 
 Qxy 0.376 - 
 Qxz 0.274  
Shear Modulus 
(GPa) 
Gxy 4.5 - 
Gxz 5.2 - 
Gyz 6.2 - 
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Topographical evaluation was performed with a scanning electron microscope (JSM-6060 JEOL) working at 
secondary electron mode to characterize the surface structures of laser-treated specimens. Three different 
morphologies with different packing densities were created. (Figure 2a,b,c, right) The new morphologies were 
characterized by micro-pits most of which had a diameter within the range of 65-70 Pm. (Figure 2a) Besides some 
morphologies had frozen melted droplets in the submicron range (Figure 2b,c). The laser scanning speed is 
noteworthy effect on constitution of these droplets because it changes vaporization time. At low laser scanning 
speeds, effective vaporization can be achieved (Figure 2a, Figure 3b). However at high scanning speeds sufficient 
vaporization could not perform, because there wasn’t enough time for the material to change its consistent regime.  
 
 
 
Figure 2. Graphical representation of interfacial shear strength analysis of micro-pit patterns (left), SEM photographs of laser-induced micro-pits 
which have different diameters (right) 
In Figure 3, it can be seen the two different absorption mechanisms which were created with using different laser 
parameters. At this point, it should be taken into account very little changes in the pulse energy respectively 1.7 mJ to 
1.8 mJ were change the regime. So the transition was occured from the melting to vaporization regime. So the frozen 
melted droplets as distinctive features in melting were reduced significantly. Thus the pulse duration decreases the 
laser fluence increases, this situation leads the higher temperatures and the shorter interaction periods between laser 
and material. [29]  Also a SEM photograph of our novel “fence” model which was created different laser parameters 
were given at Figure 3c. In this model, the micro-pit patterns were created about the size of 65-70 Pm. The edges of 
the fences are supposed to increase vascularization with working as canaliculus.  
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Figure 3. SEM photographs of the transition from the melt expulsion to vaporization mechanisms, (a) scanning speed 150 mm/s, pulse duration 213 
ns, pulse energy 1.7 mJ, double pass; (b) scanning speed 150 mm/s, pulse duration 230 ns, pulse energy 1.8 mJ, double pass; (c) SEM photograph 
of laser-induced fence pattern scanning speed 50 mm/s, pulse duration 200 ns, pulse energy 1.6 mJ 
3. Results and Discussion 
Interfacial shear strength decreases with increasing diameters of micro-pits. A threshold region was detected that 
the interfacial strength became almost constant. According to the results of our FEM analysis, a threshold value for a 
pit’s diameter was calculated, hence when pits’ diameter are higher than this threshold value, bone is expected to 
retain its maintenance. This threshold value is about 70 Pm. Upper this shear stress values at the interface became 
consistent. Lower values lead to decreasing MES values and bone is expected to resorb according to Frost’s 
homogenization theory. When the laser pulse duration was increased due to vaporization, frozen melted droplets were 
decreased. (Figure 3a, b) It can be explained that the melt (phase) expulsion mechanism lost his dominant role with 
achieving the plasma generation threshold with increased laser intensity. Thus material removal mechanism occured 
from the vapor form effectively and also the the liquid layer thickness was reduced with this way. [30] In laser surface 
structuring, superfast cooling was occurred by laser induced micro-air jets. The recoil pressure of the laser pulse 
responsible of the existence of these micro air jets. They ejected surrounding liquid expulsion during the superfast 
cooling to the exterior side from the stagnation point. Also they can gently push the liquid material if the right 
parameter set-up achieve. So further studies are necessary in order to calculate jet reynolds number, velocity 
dissipation for better understanding this phonemenon. However, in-vivo studies are necessary in order to investigate 
the micro mechanical interlocking of the materials with laser-induced micro-pit patterns and bone. 
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